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CreepTendon is composed of rope-like fascicles, bound together by interfascicular matrix (IFM). Our previous
work shows that the IFM is critical for tendon function, facilitating sliding between fascicles to allow ten-
dons to stretch. This function is particularly important in energy storing tendons, which experience extre-
mely high strains during exercise, and therefore require the capacity for considerable inter-fascicular
sliding and recoil. This capacity is not required in positional tendons. Whilst we have previously
described the quasi-static properties of the IFM, the fatigue resistance of the IFM in functionally distinct
tendons remains unknown. We therefore tested the hypothesis that fascicles and IFM in the energy stor-
ing equine superficial digital flexor tendon (SDFT) are more fatigue resistant than those in the positional
common digital extensor tendon (CDET). Fascicles and IFM from both tendon types were subjected to
cyclic fatigue testing until failure, and mechanical properties were calculated. The results demonstrated
that both fascicles and IFM from the energy storing SDFT were able to resist a greater number of cycles
before failure than those from the positional CDET. Further, SDFT fascicles and IFM exhibited less hystere-
sis over the course of testing than their counterparts in the CDET. This is the first study to assess the fati-
gue resistance of the IFM, demonstrating that IFM has a functional role within tendon and contributes
significantly to tendon mechanical properties. These data provide important advances into fully charac-
terising tendon structure-function relationships.
Statement of Significance
Understanding tendon-structure function relationships is crucial for the development of effective preven-
tative measures and treatments for tendon injury. In this study, we demonstrate for the first time that the
interfascicular matrix is able to withstand a high degree of cyclic loading, and is specialised for improved
fatigue resistance in energy storing tendons. These findings highlight the importance of the interfascic-
ular matrix in the function of energy storing tendons, and potentially provide new avenues for the devel-
opment of treatments for tendon injury which specifically target the interfascicular matrix.
 2016 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Energy storing tendons, such as the human Achilles and patellar
tendons, play an important role in locomotory efficiency, decreas-
ing the energetic cost associated with movement [1,2]. To enable
this function, energy storing tendons have distinct mechanical
properties, such as greater extensibility and elasticity leading to
improved energy storage and return, when compared to tendonsthat are purely positional in function, such as the anterior tibialis
tendon [1,3–5]. Energy storing tendons also have superior fatigue
resistance, withstanding a greater number of loading cycles prior
to failure than positional tendons in mechanical tests using the
whole tendon [6,7].
Tendons are hierarchical fibre-composite materials, in which
collagenous units are grouped together, forming subunits of
increasing diameter [8]. At the higher hierarchical levels, the colla-
gen is interspersed with a less fibrous, highly hydrated matrix, tra-
ditionally referred to as the ground substance [9]. The largest
tendon subunit is the fascicle; with a diameter of approximately
C.T. Thorpe et al. / Acta Biomaterialia 42 (2016) 308–315 309300 lm, fascicles are visible to the naked eye and can be isolated
by cutting longitudinally through the tendon. Fascicles are bound
together by the interfascicular matrix (IFM), which is the largest
hierarchical level of ground substance, and is also referred to as
the endotenon. The IFM is rich in glycoproteins, elastin and colla-
gens [9–11].
In order to fully understand tendon structure-function relation-
ships, it is important to characterise the specialisations that result
in enhancedenergy storage in specific tendons. Our previous studies
havedemonstrated specialisationof both fascicles and IFM inenergy
storing tendons. The additional extensibility in energy storing ten-
dons is provided by the IFM, which enables greater sliding between
adjacent fascicles, resulting in higher levels of extension in the ten-
don as a whole [3]. In addition, both fascicles and the IFM are more
elastic in energy storing tendons, demonstrating less hysteresis and
stress relaxation during cyclic loading than in positional tendons
[12,13]. We have also shown that fascicles from energy storing ten-
dons are more fatigue resistant than those from positional tendons,
both in the bovine and equine model [13,14], however no previous
studies have assessed the fatigue resistance of the IFM and how this
differs between tendons with differing functions.
In the current study, we adopted the equine model to assess the
fatigue response of functionally distinct tendons. The horse is a rel-
evant and accepted model for tendon research, as it is an athletic
species which maximises energy efficiency by storage and release
of elastic energy in the limb tendons. The predominant energy
store in the horse is the forelimb superficial digital flexor tendon
(SDFT), which has an analogous function to the Achilles tendon
[15–17]. Indeed, tendon injuries in the SDFT show a very similar
epidemiology, aetiology, and pathology to those seen in the human
Achilles tendon [16,17]. The anatomically opposing equine com-
mon digital extensor tendon (CDET) is an example of a positional
tendon, functionally comparable to the human anterior tibialis ten-
don [18]. We tested the hypothesis that the IFM in the energy stor-
ing SDFT is more fatigue resistant than the IFM in the positional
CDET, similar to the difference between the fascicles in the two
tendon types.2. Materials and methods
2.1. Sample collection and preparation
Forelimbs, distal to the carpus, were collected from horses aged
3–7 years (n = 4) euthanased at a commercial equine abattoir, as a
by-product of the agricultural industry. Specifically, the Animal
(Scientific Procedures) Act 1986, Schedule 2, does not define collec-
tion from these sources as scientific procedures. The SDFT and
CDET were harvested from the forelimbs within 24 h of euthanasia.
Whilst it was not possible to obtain a full exercise history for the
horses, none of the tendons had clinical or macroscopic evidence
of tendon injury. Tendons were wrapped in tissue paper dampened
with phosphate buffered saline (PBS) and then in tin foil and stored
at 80 C. On the day of testing, tendons were thawed and fasci-
cles, approximately 30 mm in length, were dissected from the
mid-metacarpal region of the tendon as previously described
(n = 6–8 per tendon) [19]. In addition, groups of two fascicles,
bound together by IFM were also dissected from the same region
(n = 6–8 per tendon) [3]. Fascicle hydration was maintained by
storing the samples on tissue paper dampened with Dulbecco’s
modified eagle medium (DMEM).2.2. Determination of fascicle fatigue properties
Fascicle diameter was determined using a laser micrometer,
measuring continuously along a 10 mm length in the centralportion of the fascicle and taking the smallest diameter to calcu-
late cross-sectional area, assuming a circular cross section [3].
Fascicles were secured in custom made individual loading cham-
bers [20], with a grip to grip distance of 10 mm, and fascicle fati-
gue properties were determined using an Electroforce 5500
mechanical testing machine, equipped with a 22 N load cell (TA
instruments, Delaware, USA), housed within a cell culture incuba-
tor (37 C, 20% O2, 5% CO2). A pre-load of 0.1 N was applied to
remove any slack within the samples. We have previously shown
that fascicle failure strain is more consistent between samples
than failure stress [3], Accordingly, one loading cycle to a dis-
placement of 1 mm (10% strain, equivalent to 50% of predicted
fascicle failure strain [19]) was applied to establish an appropri-
ate and consistent peak load for cyclic fatigue testing. This peak
load was subsequently applied to the fascicles in a cyclic manner
at a frequency of 1 Hz until sample failure. Load and displace-
ment data were recorded continuously throughout the test at a
frequency of 100 Hz. In addition, the maximum and minimum
load and displacement were recorded for each cycle.2.3. Determination of IFM fatigue properties
Samples were prepared for IFM fatigue testing as previously
described [3,21]. Briefly, transverse cuts were made in the oppos-
ing ends of 2 fascicles bound together by IFM, leaving a consis-
tent IFM length of 10 mm. The intact end of each fascicle was
secured in the loading chambers and IFM fatigue properties were
determined using an Electroforce 5500 mechanical testing
machine, equipped with a 22 N load cell, housed within a cell cul-
ture incubator (37 C, 20% O2, 5% CO2). A pre-load of 0.02 N was
applied to remove any slack within the samples. IFM failure
extension is more consistent between cycles than failure force
[3], therefore one loading cycle of 1 mm displacement was
applied, which is equivalent to 50% of the predicted failure exten-
sion [3], to find the peak load. This load was subsequently
applied to the IFM in a cyclic manner at a frequency of 1 Hz until
sample failure. Load and displacement data were recorded con-
tinuously throughout the test at a frequency of 100 Hz. In addi-
tion, the maximum and minimum load and displacement were
recorded for each cycle.2.4. Data analysis
For each test, the number of cycles to failure was recorded. The
maximum and minimum displacement data were used to plot
creep curves to failure (Fig. 1a) and the gradient of the maximum
and minimum displacement curves during secondary creep were
calculated.
The load and displacement data were used to plot force exten-
sion curves (Fig. 1b). Hysteresis over cycles 1–10, 11–20, the mid-
dle 10 cycles and the last 10 cycles prior to failure was calculated
by dividing the area between the loading and unloading curves
(energy dissipated) by the area under the loading portion of the
curve (energy input), and expressed as a percentage. In addition,
the maximum loading and unloading stiffness was calculated for
cycle 1, cycle 10, the mid-test cycle, 10 cycles prior to failure and
the last cycle prior to failure.
Fascicle elongation was calculated at cycle 10 and at the cycle
prior to failure by subtracting the maximum extension at cycle 1
from the maximum extension in these cycles. It was not possible
to calculate IFM elongation, relative to the first cycle, as the low
forces involved in this load controlled experiment required several
cycles to fully stabilise, therefore the elongation between cycle 10
and the cycle prior to failure was calculated.
Fig. 1. Example creep curves (a) showing the maximum and minimum displacement at each cycle during fatigue testing. The dotted lines indicate the linear region of the
creep curve (secondary creep), the gradient of which was calculated. Example force extension curves (b); hysteresis was calculated over cycles 1–10 and 11–20, the middle 10
cycles of the test, and the 10 cycles immediately prior to failure. Maximum loading and unloading stiffness was calculated for cycle 1, 10, mid-test cycle, and 10 cycles and 1
cycle before failure.
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Statistical differences between tendon types were determined
using Analysis of Variance (Minitab 17). A general linear model
was fitted to the data, with tendon type and horse number
included as factors. Data were tested for normality using the
Anderson–Darling test. Data that did not follow a normal distribu-
tion were transformed using a Box-Cox transformation. Data are
displayed as mean ± SD. To assess correlations between initial
mechanical parameters (hysteresis and elongation at cycle 10)
and the number of cycles to failure, Spearman correlation coeffi-
cients were calculated.
3. Results
Fascicle and IFM fatigue properties are shown in Table 1.
3.1. Fascicle fatigue properties
Fascicles from the SDFT resisted significantly more loading
cycles before failure than those from the CDET (p < 0.001).
Typical creepand forceextensioncurves for fasciclesare shownin
Fig.2.Thegradientof themaximumandminimumcreepcurveswere
significantly greater in the CDET than in the SDFT (p < 0.001; Fig. 3).
Fascicle hysteresis was significantly greater in the CDET than in
the SDFT at all time points that were assessed (p < 0.01). In both
tendon types, hysteresis decreased significantly until the mid-
test cycles, and then increased significantly in the final 10 cycles
prior to failure (p < 0.001; Fig. 4).
Loading stiffness was significantly greater in fascicles from the
CDET than those from the SDFT at cycle 1, and at both 10 and 1
cycles prior to failure (p < 0.05; Fig. 5a). In fascicles from both ten-
don types, loading stiffness decreased over the course of fatigue
testing, with significantly lower values towards the end of the test
(cycles 10 and 1 prior to failure) than at the start (cycle 1)
(p < 0.01; Fig. 5a). Unloading stiffness was significantly greater in
CDET fascicles than in SDFT fascicles, 10 cycles and 1 cycle prior
to failure (p < 0.05; Fig. 5b). In the SDFT, unloading stiffness contin-
ued to reduce right through the test and only increased in the last
cycle prior to failure (p < 0.01). In the CDET, unloading stiffness did
not alter significantly with cycle number.
Initial fascicle elongation was greater in the CDET than in the
SDFT (Fig. 6). However, by the last cycle prior to failure, the total fas-
cicle elongation in the SDFT was greater than in the CDET (Fig. 6).
In fascicles from the SDFT, hysteresis over the first 10 cycles
showed a significant positive correlation with elongation at cycle10, and was negatively correlated with number of cycles to failure
(Table 2). Elongation at the 10th cycle also showed a negative cor-
relation with the number of cycles to failure (Table 2). The percent-
age change in maximum loading stiffness over the first 10 cycles
showed a significant negative correlation with elongation, and
was positively correlated with the number of cycles to failure
(Table 2; Supplementary Fig. 1). There was no relationship
between initial mechanical parameters and fatigue resistance in
fascicles from the CDET.
3.2. IFM fatigue properties
The IFM in the SDFT was able to resist a significantly greater
number of cycles to failure than the CDET IFM (p = 0.002).
Typical creep and force extension curves for the IFM are shown
in Fig. 7. The gradient of the maximum and minimum creep curves
were significantly greater in the CDET IFM than in the SDFT IFM
(p < 0.01; Fig. 8).
There was a trend towards greater hysteresis in the CDET IFM
than in the SDFT IFM throughout the test, which reached signifi-
cance from the mid-test point onwards (p < 0.05; Fig. 9). Hysteresis
varied over the course of the fatigue testing in a similar manner to
that observed in fascicles, with a decrease until the mid-test cycles,
followed by an increase in the 10 cycles prior to failure (Fig. 9).
Loading stiffness of the IFM did not differ between tendon types
at any of the time points assessed. In both the SDFT and CDET, IFM
loading stiffness decreased with increasing cycle number
(Fig. 10a), and was significantly lower in the last cycle prior to fail-
ure (p < 0.05), just as seen in fascicles. IFM unloading stiffness was
significantly greater in the CDET than in the SDFT at cycle 1 only
(Fig. 10b; p < 0.05). In the SDFT, IFM unloading stiffness did not
alter significantly with cycle number. In the CDET, IFM unloading
stiffness decreased significantly after cycle 1, and then increased
significantly in the last cycle prior to failure (Fig. 10b).
There was a trend towards greater IFM elongation between
cycle 10 and the cycle prior to failure in the CDET than in the SDFT,
but this was not significant (p = 0.1).
There was no relationship between initial mechanical parame-
ters and number of cycles to failure in the IFM in either tendon type.
4. Discussion
Our previous studies have shown that the SDFT has lower levels
of hysteresis and stress relaxation in both fascicles and IFM com-
pared to the CDET during cyclic loading [12], suggesting that the
SDFT may have superior fatigue properties. The current data sup-
Table 1
Fatigue properties of fascicles and IFM from the SDFT and CDET. Data are displayed as mean ± SD. Significant differences between tendon types identified by: ap < 0.05; bp < 0.01;
cp < 0.001.
Fascicles Interfascicular matrix
SDFT CDET SDFT CDET
Diameter (mm) 0.33 ± 0.14 0.37 ± 0.09b – –
Load applied (N) 3.68 ± 1.46 4.80 ± 1.88 1.15 ± 0.85 1.29 ± 1.28
Stress applied (MPa) 52.81 ± 28.62 47.99 ± 22.26 – –
Number of cycles to failure 2709 ± 4819 139 ± 157c 921 ± 1947 215 ± 145b
Gradient of maximum creep curve 0.0014 ± 0.0023 0.013 ± 0.012c 0.0029 ± 0.0039 0.0082 ± 0.0046b
Gradient of minimum creep curve 0.00059 ± 0.00099 0.0054 ± 0.0091c 0.0012 ± 0.0014 0.0039 ± 0.0031
Hysteresis (%): Cycle 1–10 26.26 ± 7.31 34.05 ± 7.92b 30.57 ± 12.24 41.57 ± 12.48
Cycle 11–19 14.91 ± 4.23 23.77 ± 6.60c 20.38 ± 7.73 29.06 ± 12.74
Mid test cycles 12.22 ± 3.70 21.48 ± 7.56c 15.08 ± 6.69 22.06 ± 7.63b
Last 10 cycles 39.93 ± 11.05 53.12 ± 15.86c 53.32 ± 10.06 69.44 ± 11.38b
Loading stiffness (N/mm): Cycle 1 5.21 ± 1.75 6.23 ± 1.97a 2.69 ± 1.23 2.82 ± 1.37
Cycle 10 5.18 ± 1.82 5.36 ± 2.00 2.50 ± 1.29 2.03 ± 1.25a
Mid test cycle 4.23 ± 1.51 5.36 ± 1.33 2.54 ± 1.05 1.90 ± 1.04
10 cycles before failure 2.85 ± 1.10 4.51 ± 1.27c 2.06 ± 0.74 1.43 ± 0.77
Last cycle 2.50 ± 0.88 3.68 ± 1.36c 1.57 ± 0.60 1.32 ± 0.86
Unloading stiffness (N/mm): Cycle 1 8.56 ± 3.43 10.54 ± 3.25 4.73 ± 1.64 5.50 ± 2.22
Cycle 10 7.38 ± 2.90 8.23 ± 2.76 4.08 ± 1.79 3.70 ± 2.05
Mid test cycle 6.46 ± 2.44 8.39 ± 1.70 3.86 ± 1.44 3.25 ± 1.59
10 cycles before failure 5.35 ± 1.84 7.83 ± 2.18a 3.62 ± 1.00 2.70 ± 1.43
Last cycle 5.89 ± 2.49 9.06 ± 4.46a 3.64 ± 1.26 4.05 ± 2.19
Elongation (mm): Cycles 1–10 0.063 ± 0.042 0.29 ± 0.25c – –
Cycles 1-failure 1.79 ± 0.49 1.42 ± 0.41a 2.18 ± 1.82 1.32 ± 0.72
Fig. 2. Typical creep curves for fascicles from the SDFT and CDET (a). Typical loading and unloading curves for cycles 1–10 of testing of SDFT (b) and CDET (c) fascicles.
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the energy storing SDFT have a superior fatigue resistance when
compared to those from the positional CDET.
There are several limitations to the current study that should be
considered. It is evident that the data are highly variable, particu-
larly with regard to the number of cycles to failure. Such variability
is inherent to fatigue experiments, due to their sensitivity to any
initial defect [22], and it is possible that some damage may have
occurred to the samples during the dissection process. Sampleswere carefully observed and handled during both dissection and
testing to minimise this, and the existence of statistical signifi-
cance when comparing the fatigue properties of the two tendon
types, despite the large variability, perhaps highlights the magni-
tude of difference in the properties assessed. The large variation
in the results may also be due to variations in fascicle fatigue prop-
erties both within a tendon from one individual, and between indi-
viduals. When considering the IFM testing procedure, it is not
possible to test IFM in isolation so there may be some contribution
Fig. 4. Hysteresis at different points throughout fatigue testing in fascicles from the
SDFT and CDET. Data are displayed as mean ± SD. ⁄Indicates significant difference
between tendon types: **p < 0.01; ***p < 0.001. aIndicates significant difference
relative to cycles 1–10 (p < 0.001); bindicates significant difference relative to cycles
11–20 (p < 0.001); cindicates significant difference relative to mid test cycles
(p < 0.001).
Fig. 6. Fascicle elongation in the SDFT and CDET between the 1st and 10th cycle,
and the 1st and final cycle. Data are displayed as mean ± SD. ⁄Indicates significant
difference between tendon types: *p < 0.05; ***p < 0.001.
Fig. 3. Gradient of the maximum and minimum creep curves of fascicles from the
SDFT and CDET. Data are displayed as mean ± SD. ***p < 0.001.
Table 2
Correlations between initial mechanical testing parameters (hysteresis, elongation at
cycle 10 and increase in loading stiffness) and the number of cycles to failure in
fascicles from the SDFT. There were no significant correlations between any of these
parameters in the CDET. NS = not significant.
Hysteresis
(%)
Elongation
(mm)
Cycles to
failure
Hysteresis (%) – p = 0.047 p = 0.0072
r = 0.51 r = 0.68
Elongation (mm) – – p = 0.037
r = 0.55
Change in loading stiffness
(%)
NS p = 0.013 p = 0.006
r = 0.61 r = 0.73
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properties and stiffness are less than half that of fascicles, fascicle
contribution to the measured IFM response is likely to be minimal.
In addition, the unbalanced test design used for IFM testing may
lead to some error associated with interface rotation and genera-
tion of tension perpendicular to the loading axis. However, it is
not possible to use a balanced shear design without causing exten-
sive damage to the samples during dissection.
Although the IFM is a looser matrix, it shows considerable fati-
gue resistance, particularly in the energy storing SDFT. It is not pos-
sible to directly compare fascicle and IFM tests due to different test
designs used (uniaxial vs. shear), but it is still evident that IFM has
significant capacity to resist fatigue loading in both tendon types,
with hysteresis in the IFM only slightly greater than in fascicles.
Indeed, the small lengths of IFM tested were able to resist loadsFig. 5. Loading stiffness (a), and unloading stiffness (b) in fascicles from the SDFT and CDE
types: *p < 0.05; **p < 0.01. aIndicates significant difference relative to cycle 1 (p < 0.01);
difference relative to mid test cycles (p < 0.001).of up to 2 N, and withstand many cycles prior to failure. This sug-
gests that in vivo, where the IFM is continuous, it is able to resist
significant loads and therefore manage sliding between fascicles
which are likely to be discontinuous [23].
During IFM quasi-static tests to failure, we have previously
demonstrated a significantly larger toe region in the SDFT, such
that the extension and force at which the maximum stiffness is
reached is significantly higher in the SDFT than in the CDET,
demonstrating a greater capacity for interfascicular sliding at low
forces in the SDFT [12]. However, in agreement with our previous
findings [12], an analysis of the linear region of the force-extension
curve shows does not identify any differences in maximum loading
stiffness between the IFM in the SDFT and CDET. The interfascicu-
lar sliding facilitated by an elongated toe region in energy storing
tendons enables them to withstand the high strains they experi-
ence [3], and recent studies suggest that the IFM in energy storing
tendons has a specialised composition to enable this [10,11]. It hasT. Data are displayed as mean ± SD. ⁄Indicates significant difference between tendon
bindicates significant difference relative to cycle 10 (p < 0.01); cindicates significant
Fig. 7. Typical IFM creep curves for samples from the SDFT and CDET (a). Typical loading and unloading curves for cycles 1–10 of testing of SDFT (b) and CDET (c) IFM samples.
Fig. 9. Hysteresis at different points throughout fatigue testing of IFM from the
SDFT and CDET. Data are displayed as mean ± SD. ⁄Indicates significant difference
between tendon types: *p < 0.05. aIndicates significant difference relative to cycles
1–10 (p < 0.05); bindicates significant difference relative to cycles 11–20
(p < 0.001); cindicates significant difference relative to mid test cycles (p < 0.001).
Fig. 8. Gradient of the maximum and minimum creep curves of IFM from the SDFT
and CDET. Data are displayed as mean ± SD. **p < 0.01.
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tin and lubricin as well as many proteoglycans and collagens[10,11], providing both strength and elasticity. The IFM is also
more abundant in the energy storing SDFT than in the positional
CDET [21]. In addition, the IFM has a greater cellular content and
a faster rate of turnover than the FM [10]. The shearing role of
the IFM in energy storing tendons may predispose it to damage,
therefore the faster rate of turnover in this region may be a mech-
anism by which damage to the IFM is preferentially repaired to
maintain structural integrity.
When considering the fascicle response to fatigue loading, fasci-
cles from the SDFT were able to resist almost 20 times more cycles
to failure than those from the CDET, and exhibited significantly
lower hysteresis throughout fatigue testing, which indicates
greater elasticity in SDFT fascicles. Average stresses applied were
comparable between tendon types (Table 1). However, it is difficult
to directly relate diameter with material properties in a complex
composite tissue such as tendon, owing to the inhomogeneous
composition of the cross section. Therefore it is also relevant to
compare the fatigue load applied, which was on average 1.1 N
greater in CDET fascicles. It is possible that the higher applied loads
in CDET fascicles may have accounted for some of the difference in
fatigue properties observed between tendon types, but is extre-
mely unlikely to result in the 20-fold difference in number of
cycles to failure between the SDFT and CDET. Interestingly, fasci-
cles from the SDFT exhibited less elongation initially, but were able
to withstand greater elongation prior to failure than those from the
CDET. However, if elongation in SDFT fascicles is calculated at the
average cycle number at which CDET fascicles fail, this elongation
is considerably less than observed in CDET fascicles (0.42 mm vs.
1.42 mm), suggesting that the greater elongation seen in the SDFT
fascicles at failure is as a consequence of the larger number of load-
ing cycles resisted prior to failure.
Both loading and unloading stiffness were significantly higher
in the 10 cycles prior to failure in the CDET than in the SDFT, indi-
cating greater alterations in the mechanical properties of CDET fas-
cicles with fatigue loading. No previous studies have determined
the fatigue resistance of the SDFT and CDET as a whole, however
Fig. 10. Loading stiffness (a), and unloading stiffness (b) in IFM from the SDFT and CDET. Data are displayed as mean ± SD. ⁄Indicates significant difference between tendon
types (p < 0.05). aIndicates significant difference relative to cycle 1 (p < 0.01); bindicates significant difference relative to cycle 10 (p < 0.05); cindicates significant difference
relative to mid test cycle (p < 0.05); dindicates significant difference relative to 10 cycles before failure (p < 0.01).
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gue resistance than positional tendons [6,7]. Indeed, the time to
rupture for highly stressed wallaby flexor tendons is approxi-
mately 10–20 times greater than that for extensor tendons, which
experience much lower stresses in life [7]. In the current study, we
applied a maximum load equivalent to 50% of the predicted failure
force. The energy storing SDFT is predicted to experience loads of
up to 80% of failure force in vivo during intense exercise [3,24].
By contrast, maximum forces in the positional CDET are unlikely
to exceed 25% of the tendon’s failure force [3,24]. It has not been
established how much load an individual fascicle may experience
in vivo, but it is likely that the forces applied in the current study
far exceed those experienced in vivo by the CDET, which may
explain the extremely low fatigue resistance of the fascicles from
this positional tendon. It has previously been established that load-
ing of tendons to the stress they experience ‘in life’ results in a sim-
ilar time to failure for all tendon types [7,24]. It is not possible to
perform these type of experiments at the micromechanical level,
as the stress in life experienced by fascicles and IFM in functionally
distinct tendons is yet to be determined.
Previous studies have demonstrated how fatigue damage accu-
mulates in tendon and how this affects mechanical properties.
Fung et al. [25] characterised the mechanical and structural alter-
ations in the rat patellar tendon throughout fatigue loading,
demonstrating that collagen fibre kinking was observed during
the early stages of fatigue. With high levels of fatigue loading, dam-
age was characterised by severe matrix disruption, poor fibre
alignment, and widening of interfibre space [25]. This was associ-
ated with increased hysteresis and decreased stiffness, similar to
that observed in the current study.
The micromechanical response to fatigue loading of isolated
fascicles has also been characterised previously, with fibre kinking
and matrix disruption observed, similar to that seen in whole ten-
dons [19,26]. This occurs even when relatively low stresses are
applied [27]. The superior fatigue resistance of fascicles from the
energy storing SDFT are likely due to specialisations that have been
observed at the microstructural level. Our previous studies have
demonstrated that fascicles in the SDFT have a helical substruc-
ture, allowing them to act as springs [28]. This helix is absent in
CDET fascicles, in which extension occurs due to fibre sliding. This
is associated with greater hysteresis and a lower ability to recover
post-loading [28]. Indeed, it has been demonstrated that the helix
substructure is lost in fascicles from aged SDFTs, and this is accom-
panied by a decrease in fatigue resistance [29].
In the SDFT, there were significant correlations between initial
fascicle elongation, hysteresis, change in loading stiffness and fati-
gue resistance. However, these correlations were not present in the
CDET, suggesting that the mechanisms of fatigue in each tendon
type are fundamentally different. Previous studies of the fatigue
response of the rat patellar tendon did not identify any correlationbetween elongation and hysteresis, but showed that hysteresis was
correlated with the change in loading stiffness [30].
It is clear that the SDFT consists of highly specialised subunits
that allow it to fulfil its energy storing function and resist high,
repetitive stresses and strains. The equine SDFT has a function
analogous to that of the human Achilles, and there is also a remark-
ably similar injury risk and aetiology between the two tendons
[16,17], therefore it seems logical to hypothesise that fascicles
and IFM in the human Achilles tendon would show similarly high
levels of fatigue resistance. However, anatomical differences exist
between the tendons, and therefore further studies are required
to determine the fatigue response of tendon subunits in the human
Achilles.
5. Conclusion
This is the first study to assess the fatigue resistance of the ten-
don IFM, demonstrating that this structure has the ability to resist
a significant amount of cyclic loading, both in the energy storing
SDFT and positional CDET. Further, we have shown that both the
IFM and fascicles in the energy storing SDFT are more fatigue resis-
tant than those in the positional CDET, exhibiting less hysteresis
and resisting a greater number of cycles prior to failure. These data
suggest that both fascicles and IFM in the energy storing SDFT
exhibit compositional and structural specialisations that likely
contribute to superior fatigue resistance in the tendon as a whole.
These findings provide important advances to further understand
structure-function relationships within tendon.
Acknowledgements
This study was funded by the BBSRC (BB/K008412/1).
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.actbio.2016.06.
012.
References
[1] G.A. Lichtwark, A.M. Wilson, In vivo mechanical properties of the human
Achilles tendon during one-legged hopping, J. Exp. Biol. 208 (2005) 4715–
4725.
[2] P. Malliaras, J. Cook, C. Purdam, E. Rio, Patellar tendinopathy: clinical diagnosis,
load management, and advice for challenging case presentations, J. Orthop.
Sports Phys. Ther. 45 (2015) 887–898.
[3] C.T. Thorpe, C.P. Udeze, H.L. Birch, P.D. Clegg, H.R.C. Screen, Specialization of
tendon mechanical properties results from interfascicular differences, J. R. Soc.
Interface 9 (2012) 3108–3117.
[4] E.L. Batson, R.J. Paramour, T.J. Smith, H.L. Birch, J.C. Patterson-Kane, A.E.
Goodship, Are the material properties and matrix composition of equine flexor
C.T. Thorpe et al. / Acta Biomaterialia 42 (2016) 308–315 315and extensor tendons determined by their functions?, Equine Vet J. 35 (2003)
314–318.
[5] C.N. Maganaris, J.P. Paul, In vivo human tendon mechanical properties, J.
Physiol. 521 (1999) 307–313.
[6] A.V.Pike,R.F.Ker,R.M.Alexander,Thedevelopmentof fatiguequality inhigh-and
low-stressed tendons of sheep (Ovis aries), J. Exp. Biol. 203 (2000) 2187–2193.
[7] R.F. Ker, X.T. Wang, A.V. Pike, Fatigue quality of mammalian tendons, J. Exp.
Biol. 203 (2000) 1317–1327.
[8] J. Kastelic, A. Galeski, E. Baer, The multicomposite structure of tendon, Connect.
Tissue Res. 6 (1978) 11–23.
[9] C.T. Thorpe, H.L. Birch, P.D. Clegg, H.R. Screen, The role of the non-collagenous
matrix in tendon function, Int. J. Exp. Pathol. 94 (2013) 248–259.
[10] C.T. Thorpe, M.J. Peffers, D.M. Simpson, E. Halliwell, H.R. Screen, P.D. Clegg,
Anatomical heterogeneity of tendon: fascicular and interfascicular tendon
compartments have distinct proteomic composition, Sci. Rep. 6 (2016) 20455.
[11] C.T. Thorpe, K.J. Karunaseelan, J. Ng Chieng Hin, G.P. Riley, H.L. Birch, P.D.
Clegg, et al., Distribution of proteins within different compartments of tendon
varies according to tendon type, J. Anat. (2016). Revision resubmitted.
[12] C.T. Thorpe, M.S. Godinho, G.P. Riley, H.L. Birch, P.D. Clegg, H.R. Screen, The
interfascicular matrix enables fascicle sliding and recovery in tendon, and
behaves more elastically in energy storing tendons, J. Mech. Behav. Biomed.
Mater. (2015), http://dx.doi.org/10.1016/j.jmbbm.2015.04.009:85-94.
[13] J.H. Shepherd, K. Legerlotz, T. Demirci, C. Klemt, G.P. Riley, H.R. Screen,
Functionally distinct tendon fascicles exhibit different creep and stress
relaxation behaviour, Proc. Inst. Mech. Eng. H (2013).
[14] C.T. Thorpe, E.M. Spiesz, S. Chaudhry, H.R.C. Screen, P.D. Clegg, Science in brief:
recent advances into understanding tendon function and injury risk, Equine
Vet. J. 47 (2015) 131–250.
[15] A.A. Biewener, Muscle-tendon stresses and elastic energy storage during
locomotion in the horse, Comp. Biochem. Physiol. B: Biochem. Mol. Biol. 120
(1998) 73–87.
[16] J.F. Innes, P. Clegg, Comparative rheumatology: what can be learnt from
naturally occurring musculoskeletal disorders in domestic animals?,
Rheumatology (Oxford) 49 (2010) 1030–1039
[17] P.P.Y. Lui, N. Maffulli, C. Rolf, R.K.W. Smith, What are the validated animal
models for tendinopathy?, Scand J. Med. Sci. Sports 21 (2010) 3–17.
[18] H.L. Birch, Tendon matrix composition and turnover in relation to functional
requirements, Int. J. Exp. Pathol. 88 (2007) 241–248.[19] C.T. Thorpe, G.P. Riley, H.L. Birch, P.D. Clegg, H.R.C. Screen, Effect of fatigue
loading on structure and functional behaviour of fascicles from energy-storing
tendons, Acta Biomater. (2014). S1742-7061.
[20] K. Legerlotz, G.C. Jones, H.R.C. Screen, G.P. Riley, Cyclic loading of tendon
fascicles using a novel fatigue loading system increases interleukin-6
expression by tenocytes, Scand. J. Med. Sci. Sports 23 (2013) 31–37.
[21] C.T. Thorpe, C.P. Udeze, H.L. Birch, P.D. Clegg, H.R.C. Screen, Capacity for sliding
between tendon fascicles decreases with ageing in injury prone equine
tendons: a possible mechanism for age-related tendinopathy?, Eur Cells
Mater. 25 (2013) 48–60.
[22] R.F. Ker, Mechanics of tendon, from an engineering perspective, Int. J. Fatigue
29 (2007) 1001–1009.
[23] O.J. Ali, E.J. Comerford, E. Canty-Laird, P.D. Clegg, Three-dimensional anatomy
of equine superficial digital flexor tendon (SDFT), Bone Joint J. 97-B (Suppl. 11)
(2015) 17.
[24] R.F. Ker, R.M. Alexander, M.B. Bennett, Why are mammalian tendons so thick?,
J Zool. 216 (1988) 309–324.
[25] D.T. Fung, V.M. Wang, D.M. Laudier, J.H. Shine, J. Basta-Pljakic, K.J. Jepsen, et al.,
Subrupture tendon fatigue damage, J. Orthop. Res. 27 (2009) 264–273.
[26] J.H. Shepherd, G.P. Riley, H.R.C. Screen, Early stage fatigue damage occurs in
bovine tendon fascicles in the absence of changes in mechanics at either the
gross or micro-structural level, J. Mech. Behav. Biomed. Mater. 38 (2014) 163–
172.
[27] G. Parent, N. Huppé, E. Langelier, Low stress tendon fatigue is a relatively rapid
process in the context of overuse injuries, Ann. Biomed. Eng. 39 (2011) 1535–
1545.
[28] C.T. Thorpe, C. Klemt, G.P. Riley, H.L. Birch, P.D. Clegg, H.R. Screen, Helical sub-
structures in energy-storing tendons provide a possible mechanism for
efficient energy storage and return, Acta Biomater. 9 (2013) 7948–7956.
[29] C.T. Thorpe, G.P. Riley, H.L. Birch, P.D. Clegg, H.R. Screen, Fascicles from energy-
storing tendons show an age-specific response to cyclic fatigue loading, J. R.
Soc. Interface 11 (2014) 20131058.
[30] N. Andarawis-Puri, J.B. Sereysky, K.J. Jepsen, E.L. Flatow, The relationships
between cyclic fatigue loading, changes in initial mechanical properties, and
the in vivo temporal mechanical response of the rat patellar tendon, J.
Biomech. 45 (2012) 59–65.
